Interpretation of grain size measurements in terms of the kinetics of grain growth depends on the ability to define the temperature variation of mineral growth rates. An outline is presented of the application to mineral growth rates of a corresponding states equation (CSE), which provides a relationship of growth rate to a reduced temperature function. Additionally, growth rates exhibit a 'compensation effect' between the pre-exponential constant and the activation energy in the standard Arrhenius equation, analogous to that shown by diffusion data. The general systematics of activation energy, equilibrium temperature and growth rate maxima are controlled by the relationships of the CSE, the standard Arrhenius equation and the compensation effect, and on this basis the temperature variation of growth rate between the equilibrium and the glass temperature may he estimated.
Introduction
A MAJOR hindrance to the study of the kinetics of the crystallisation processes in igneous rocks is the relative paucity of data on the temperature variation of mineral growth rates. In modelling crystallisation and grain growth in a cooling igneous body, it is impractical to measure the temperature dependence of grain growth rates for each mineral. Even if this were to be done there is no certainty of achieving an environment for the experimental crystaUisation which is similar to that of the original rock formation, and in addition, the times required for grain growth would be prohibitively long. It is more convenient to use a limited number of defining parameters to generate trial temperature-dependent growth rate curves.
It is the purpose here to define the major parameters which control the form of the growth rate curves and to attempt to outline the systematics of a wide range of such curves.
Corresponding states equation
A corresponding states equation (Gandica and Magill, 1972; Magill et al., 1973) has been shown to approximate closely to the temperature variation of basaltic mineral growth rates (Dearnley, 1983) .
The relationship may be expressed by
log (G/GMAx) = f[TE --T)/(TE -T~o)] = f0
(1)
where G is the growth rate at temperature T; GMAX is the maximum growth rate and log (G/GMAx) -----0 Occurs at 0 = 0.140, see Fig. 1 and Table 1 , ire is the equilibrium temperature (~ and T~ is a kinetically limiting value of the glass transition temperature (Tg) at infinite time. Growth can only take place within the temperature range from the equilibrium temperature (TE) to the transition temperature (T=). The concept of a kinetically limiting To~ value may be illustrated (using equation 7) by comparing two growth rate curves with the same equilibrium temperature (TE) differing activation energy (for instance of Q = 160 kcals mo1-1 and Q = 80 kcals mol-l). At decreasing temperatures (for instance during cooling at a given rate) the rate of grain growth falls much more rapidly in the former instance than in the latter. Therefore, in the former case, the growth rate reaches a limiting minimum value more rapidly, and at a higher T~ (386 ~ than the corresponding T~ (of 42~ for the Q = 80 kcals tool -1 curve. Such a limiting temperature is similar to that of a closure (or blocking) temperature (see Dodson, 1973 Dodson, , 1976 at which diffusion effectively ceases during cooling.
When the CSE is plotted as a log-log curve (Fig. 1 ) the power law relations of the hightemperature portion (8 ~ 0.04) are evident, given by G/GMAx = 352.27 8 2. 328 ( 2) and, for 0 -> 0.43 the CSE coincides with the Arrhenius expression (equation 4). For the whole of the curve from 0 = 0,001 to 0.60 a sixth degree polynomial (with r 2 = 0.9998) closely fits the CSE: log (G/GMAx) = --21.8640 --93.6566 log 0 --159.2721 (log 8) 2 --138.8832 (log 8) 3 66.0997 (log 0) 4 --16.1685 (log 0) 5 1.5841 (log 0) 6
The corresponding states equation (CSE) describes the temperature variation of crystal growth rate of a range of materials and its applications extend beyond the organic molecules for which it was originally devised. It describes equally well the crystallisation of both multiphase R. DEARNLEY and simple congruent melting systems and covers large variations of chemical composition, growth rate (10 -1 to 10 -8 cm sec-), temperature (-40~ to 1500~ and viscosity (10 o to 1013 poise). Such a considerable extension of the CSE to cover materials so diverse as, for instance, glycerol, and blast-furnace slags and natural silicates (Tables 2-4) , supports the suggestion (Magill et al., 1973 ) of a universal relationship.
A preliminary outline of the application of the CSE to the basaltic system (Dearnley, 1983) forms the basis for this present extension, which considers in more detail the relationships involved between the CSE and the standard Arrhenius equation:
where Go is the pre-exponential (frequency) factor, Q is the apparent activation energy for growth, R the gas constant and T(~ is the temperature.
In order to estimate the best fit of the CSE curve to the growth rate vs temperature data for a given material, the characteristic value of T~ is required and this, in turn, requires the value of Q to be known. Normally, the experimentally measured grain growth rates are presented as a plot of growth rate against temperature, which shows a characteristic peak in growth rate (GMAx) at a certain undercooling (AT) from the melting temperature (TE). The method used to find the best fit to the CSE curve as a whole is based on the individual known values of G and T, together with TE, an initially estimated (trial) value for Q, and an iterative procedure to obtain T~ (as given in Dearnley, 1983) . After the value of T~ has been found for a given trial Q, the appropriate CSE curve may be determined (based on the parameter 0 derived from these values) from equation (3).
The r.m.s.d. (root mean square deviation) is then calculated between the experimental points of the original growth rate curve and the generated trial CSD curve and the whole process is repeated as necessary with another trial value for Q (either incremented or decremented as required) with the object of decreasing the r.m.s.d, to a minimum. At this point the best fit of the experimental data to the CSE curve is obtained and the growth rate curve is completely defined by the determined parameters.
Experimentally determined growth rates at known temperatures for the range of materials in Tables 2--4 are taken from published figures which have a range of scales and units and thus inevitably small errors may occur in the values of Lunar basalts : (1) 70019 and (2) 79155, Klein et a1.(1975) ; (3) 14259, Scherer et al. (1972) ; (4) 67975, Uhlmarm et al. (1977) ; (5) 15498, Uhlmann and Klein (1976) ; (6) howardite, Hewins and Klein (1978) ; (7) 15286, Uhlmann and Klein (1976) ; (8) Klein and Uhlmann (1974) , Kirkpatriek et al. (1976) .
Granitic minerals : (24) alkali feldspar and (25) quartz from granite ; (26) alkali feldspar and (27) quartz from granodiorite ; (28) and (29) plagioelase from granite and granodiorite, Swanson (1977) the points used in this study. Values are taken from the experimental points where possible and not from the smoothed growth curves based on these points in the original figures. A set of calculated values of the parameters TE, T=, Q, log Go, log G* and log GMAX is listed in Tables 2-4 for 76 published growth rate vs temperature curves. J
The CSE best fits of the measured growth rates at various temperatures for the data from Tables 2-4 are shown in Fig. 2 . Growth rates in the whole data set have a tog r.m.s.d, of 0.399, that is within a factor of 2.51 of the standard CSE curve. This is probably not significantly in excess of the likely errors in the original growth rate measurements together with the errors inherent in reading off the values from the published graphs. Within the ? A listing of the computer programme in BASIC V for the calculation of the best fit CSE curve to grain growth data as outlined here may be obtained from the author. Leontyeva (1947 Leontyeva ( , 1949 (Fig. 2 .6-9), lunar basalts ( Fig. 2. 2), lead borates ( Fig. 2.5 ), anorthite-albite and diopside ( Fig. 2.1) , mellilite ( Fig. 2.4 ) and granitic minerals (Fig. 2.3 ). This latter group has the largest deviation, which may be due to the difficulties of measurement in this system. In Table 4 numbers, 50, 58 and 65 are based on the smallest numbers of experimental points in their respective groups and are unreliable; all show apparent values for Q which are too large (see equation 20), but are retained for completeness of the Leontyeva (op. cit.) data set. As can be seen from Fig. 2 .1, the albiteanorthite, diopside group (Table 2) shows the least scatter about the standard CSE curve over almost five orders of magnitude and is closely followed by the lunar basalts (Table 2 ) and lead borates (Table 3) . Plagioclase : (50) olivine basalt I, Leontyeva (1947) ; (51) Caucasian basalt 2 and (53) diabase 101, Leontyeva (1949) ; (54) basalt glass 221-3, Leontyeva (1943) ; (55) basalt 34 and (56) basalt glass 221-2, Leontyeva (1949) ; (57) olivine basalt 17, Leontyeva (1947) .
Clinpyroxene : (58) Caucasian basalt 2, Leontyeva (1949) ; (59) olivine basalt 17, Leontyeva (1947) ; (60) Caucasian basalt 1, (61) basalt glass 221-2 and (62) basalt 34, Leontyeva (1949) ; (63) olivine basalt I, Leontyeva (1947) ; (64) diabase 101, Leontyeva (1949) .
Olivine : (65) Caucasian basalt 1, Leontyeva(1949) ; (66) olivine basalt 17, Leontyeva (1947) ; (67) basalt 34, (68) basalt glass 221-2 and (69) Caucasian basalt 2, Leontyeva (1949) .
Magnetite : (70) diabase 101, (71) Caucasian basalt 2, (72) and (73) diabase 101, and (74) Caucasian basalt 1, Leontyeva (1949) ; (75) olivine basalt I, Leontyeva(1947) ; (76) basalt glass 221-3, Leontyeva (1943) . 
T and Tg relationships
The parameter T o in equation (1) above may be calculated iteratively from the CSE (Dearnley, 1983) , although an alternative explicit expression would be more immediately useful. In deriving such a function the well known 'two-thirds rule' (see, for example Sakka and Mackenzie, 1971) for glass temperature and liquidus temperature, (Tg/TE) ~ ~ 0.66 and the CSE are shown to be directly related.
Using the available glass temperature and liquidus temperature determinations of 40 lunar basaltic compositions and other basalts ( (Arndt and Haberle, 1973, Cranmer and Uhlmann, 1981) . For the wider compositional range of (84) intercept at TJTE ~ = 0, corresponding to T~ = -273~ against T ~ a slope of 28.8708 is obtained, with an origin at T ~ = 0, and hence Q = 28.8708 T E exp(2.9595 TJTE) (6) from which T= = 0.3379 TE (lnQ -lnTE --3.3628)
This is the desired explicit relationship between T~, Q and TE derived from the CSE, which may be used in (19), below, to provide an expression relating GMAX, TE and Q, and in (1) (8) or, for use in the polynomial expression in (3). These two equations (19) and (3), using Too from (7) may be used to estimate the temperature variation of growth rate in terms of TE, Q and G*.
Compensation effect
An interesting consequence of the application of the corresponding states equation to the growth rate data of Tables 2-4 is the general correlation which is evident between the hypothetical growth rate limit at infinite temperature (Go) and the apparent activation energy for growth Q (see Fig. 5 ) where the relationship takes the form log Go = aQ + b
Such a positive linear correlation between log Go and Q is analogous to that demonstrated by Winchell (1969) and Winchell and Norman (1969) in relation to rates of diffusion in silicates and is termed a 'compensation' effect, see also Hofmann (1980) , Lasaga (1981) , Hart (1981) and also Shaw (1972) in terms of viscosity estimations. Since the phenomena of diffusion, viscosity and crystal growth are closely related, it is not unexpected that the latter should also be characterised by a well defined compensation effect, although apparently this has not previously been recognised.
For two curves of growth rate plotted against 1/T, each with the same TE but with differing Go and Q values (see Fig. 4a ), crossover growth rate (G*) at temperature T* (= TE) corresponds to an activation energy (Q) of zero (see Fig. 4b ). Since, from (4) log G* = log G0l -Q1/2.303 RT* (10) then, at T*:
(log G01 -log Go2)/(Q~ -Q2) = 1/2.303RT* Thus the slope a in Fig. 4b is given by and where the crossover growth rate G* = l0 b (i.e. log G* = b) for any value of TE. 24 The final form of the compensation effect fog G o equation may be obtained from (9) and (11) log Go = Q/2.303RTE + log G* (14) 13 or alternatively
a and whereas by plotting Go against Q, as in Fig.  4b , the slope is governed by TE, if Go is plotted 0 against Q/2.303RTE then curves for all values of TE will be superimposed onto a single trend (Fig.  4c ) with a slope = 1.
-8 The TE values of the data in Tables 2--4 vary from 670~ to 1552~ and, since each point would lie on a different slope, it is not appropriate to plot Go against Q, as in Fig. 4b . Instead the general form (14) is used in Fig. 5 (similar to Fig.   4c ).
The above discussion is based on the assump- Fig. 4c ) for the growth rate data of Tables 2-4. The trend is given by equation (14), setting log G* = 0. Note the scatter involved by not allowing for the variations in G*.
tion of a constant value of the growth rate G* at a single crossover point at T* as in Fig. 4 . However it is clear from the listings of G* in Tables 2-4 that this parameter is not a constant and this is apparent also from Fig. 5 , which shows a considerable scatter around the trend of Go against Q/2.303RTE. This is also a feature of the original diffusion compensation law correlation graph of Winchell (1969, Fig. 4) , again indicating that G* is not a general constant, although it may exhibit characteristic values for certain restricted groups of data. For the data considered here it is apparent that G* is related to GMAX and increases as GMAX increases (Fig. 6) . This is based on 49 mineral growth rate curves from Tables 2-4 including all the data of Table 2 (except the lunar basalts 1 and 2), mellilites from Table 3 , and pyroxenes and olivine from Table 4 . The remaining minerals, characterised by high Q values, fall on a parallel trend approximately one order of magnitude larger in G*.
The relationship between G* and GMAX shown in Fig. 6 (18) Finally, using the compensation relationship (15) to substitute for Go, an expression for GMA x in terms of TE, Q, T~ and G* is given by
where T~ is defined by (7).
Activation energy and growth rate
For a given TE the maximum and minimum values of Q may be obtained from equation ( The influence of these limiting values of G*/GMAx at Q max and G*/GMAx at Q min on the overall CSE systematics of growth curves over a range of ire values may best be appreciated on an Arrhenius diagram (Fig. 9 ) by using the ratios of Go~G* and G*/GMAx plotted relative to G* = 1. Notable features are the convergence of the Q min slopes at log Go~G* = 6.308 and the convergence of the Q max slopes at log Go~G* = 41.068.
At any TE the value of Go MIN represents the pre-exponential factor in equation (4) where T= = -273 ~ and where the activation energy for that TE is at a maximum. Conversely, GOMAX is equal to the pre-exponential factor where TJTE = 0.633 and the activation energy is at a maximum for that TE. In metals, the activation energy for diffusion (Q) approximates to 16RTE ~ (McLean, 1965) . On this basis, for a typical basaltic composition with an equilibrium temperature of say 1200 ~ the corresponding Q would be 46834 cal. mo1-1, which approximates to the Q min value of 42526 cal. mo1-1 given by equation 21. These two equations have similar constants (respectively, 16R and 28.87) but, significantly, the relationship for metals approximates only to the minimum activation energy for silicate minerals. In the latter, Q typically ranges from this lower value up to about 300000 cal. mo1-1, see Tables 2-4 .
Application of results
The temperature variation of growth rate relationships in Figs General relationships of growth rate, activation energy (Q), the pre-exponential factor (log Go) and equilibrium temperature (TE), normalised to G* = 1. G* is the compensation crossover growth rate value at each ire for the extrapolated Arrhenius trends, Go MIN represents the pre-exponential factor for the QM~N trends at each Tz (equation 21) and GoMax is the corresponding factor for the QMA• trends at each T z (equation 20); GMAX defines the range of the growth rate maxima for the range of 0MAX tO QMIN at each T~.
The CSE derived relationships outlined above have various practical applications. Firstly, they may be used to extrapolate from incomplete growth rate vs temperature determinations. If Tv, Q and GMAX are known, G* may be obtained from (22-24), then T~ from (25-27) and Go from (14-15). When TE and Q are known then Too and G*/GMAx may be found from (26) and (24) respectively. If only TE and GMAX are known, then the approximate values of the parameters Q, T=, G* and Go may be derived from equations (28), (29), (16) and (30) respectively, in terms only of these two most commonly available measurements. In this latter case however, using only TE and GMAX, the errors are greater due to the use of equation (16).
Also, by using measured and/or estimated trial values for TE, GMAX and Q the kinetics of mineral growth can be modelled over any temperature range of growth as, for instance, in a cooling intrusion.
Although more experimental measurements of crystal growth rate in the major rock forming systems are required to test and complement the above results, these general relationships, based on the best currently available crystal growth data from widely different materials, contribute towards a systematic and practical modelling of crystallisation which does not assume any specific nucleation or transport mechanism for growth. known, the whole form of the temperature variation of growth rate may be derived.
Relationships derived from the regressions corresponding to Figs. 5-8 may be combined to yield a set of simplifying equations. Combining equations (23) and (25) 
Combining equations (16) and (22) results in Q = 50.162 and from (27) and (28):
T=/TE = 0.3379 In(1.738GMAx -~176 (29) Finally, an expression for Go is obtained from (14), (16) and (28) ,e~ --0.0363~ @ log Go = (10.96 IJM/~ O 496) G 0 8459~ (30) t g MAX" )
